Despite recent improvements in the therapy for osteosarcoma, 30-40% of osteosarcoma patients die of this disease, mainly due to its lung metastasis. We have previously reported that intravenous injection of miR-143 significantly suppresses lung metastasis of human osteosarcoma cells (143B) in a mouse model. In this study, we examined the biological role and mechanism of miR-143 in the metastasis of human osteosarcoma cells. We identified plasminogen activator inhibitor-1 (PAI-1) as a direct target gene of miR-143. To determine the role of PAI-1 in human osteosarcoma cells, siRNA was transfected into 143B cells for knockdown of PAI-1 expression. An in vitro study showed that downregulation of PAI-1 suppressed cell invasion activity, but not proliferation. Moreover, injection of PAI-1 siRNA into a primary lesion in the osteosarcoma mouse model inhibited lung metastasis compared to control siRNA-injected mice, without influencing the proliferative activity of the tumor cells. Subsequent examination using 143B cells revealed that knockdown of PAI-1 expression resulted in downregulation of the expression and secretion of matrix metalloproteinase-13 (MMP-13), which is also a target gene of miR-143 and a proteolytic enzyme that regulates tumor-induced osteolysis. Immunohistochemical analysis using clinical samples showed that higher miR-143 expressing cases showed poor expression of PAI-1 in the primary tumor cells. All such cases belonged to the lung metastasis-negative group. Moreover, the frequency of lung metastasispositive cases was significantly higher in PAI-1 and MMP-13 double-positive cases than in PAI-1 or MMP-13 single-positive or double-negative cases (P < 0.05). These results indicated that PAI-1, a target gene of miR-143, regulates invasion and lung metastasis via enhancement of MMP-13 expression and secretion in human osteosarcoma cells, suggesting that these molecules could be potential therapeutic target genes for preventing lung metastasis in osteosarcoma patients.
Introduction
Osteosarcoma is a primary bone tumor that mainly affects young children and adolescents. Despite recent advances in multimodality treatments that consist of adjuvant chemotherapy and surgical-wide resection, pulmonary metastasis occurs in ~40-50% of the patients [1] . In such cases, the overall 5-year survival rate is only 28%, despite multidisciplinary therapy [2] . Thus, it is important to suppress lung metastasis in osteosarcoma for improvement of prognosis.
MicroRNA (miRNA) belongs to a class of endogenously expressed, non-coding small RNA, and contains
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PAI-1,atargetgeneofmiR-143,regulatesinvasionand metastasisbyupregulatingMMP-13expressionofhuman osteosarcoma about 22 nucleotides. Based on the database miRBase release 16.0, >1000 human miRNAs have been registered and a large number of these are evolutionarily conserved [3] . miRNA regulates the expression of protein-coding genes at the posttranscriptional level through mRNA degradation or suppression of peptide chain elongation [4] . miRNA is predicted to regulate the expression of at least 30% of all genes [5] . A growing amount of evidence suggests that deregulation of miRNA may contribute to many types of human diseases, including cancer. Errors in the expression of miRNA have been observed in various types of cancers [6, 7] and are also associated with the clinical outcome of cancer patients [8, 9] . Consistently, miRNA has been implicated in the regulation of various cellular processes that are often deregulated during tumor development and progression, [10] [11] [12] , suggesting that miRNA might be a target for cancer therapy.
Recently, our group reported that intravenous injection of miR-143 significantly suppressed the lung metastasis of human osteosarcoma cells (143B) in a mouse model. Moreover, we showed that plasminogen activator inhibitor 1 (PAI-1) was a candidate target gene of miR-143 in 143B cells by LAMP (labeled miRNA pull down) assay and Ago2 IP with miR-143 target database [13] . PAI-1 is known to inhibit the plasminogen activator enzyme and to be involved in coagulation [14] . On the other hand, PAI-1 is also related to carcinogenesis. PAI-1 is upregulated in malignant cancers such as breast cancer [15] and ovarian carcinoma [16] . Moreover, PAI-1 is related to malignancies by influencing tumor migration, invasion, angiogenesis [17] [18] [19] [20] , and metastasis [21] . However, the mechanism by which PAI-1 regulates lung metastasis of osteosarcoma cells has been unclear. The purpose of this study was to identify the role of miR-143 in the invasion and metastasis of human osteosarcoma cells, with a special focus on PAI-1 expression.
MaterialsandMethods Cellcultureandtransfection
The human osteosarcoma cell line, 143B, was obtained from the American Type Culture Collection and was maintained in Dulbecco's modified Eagle's medium containing 10% heat-inactivated fetal bovine serum. The 143B cells were transfected with a complex of the pLuc-Neo plasmid DNA (143B-Luc) as described previously [13] . Synthetic pre-hsa-miR-143 (Ambion, Austin, TX), PAI-1 siRNA: 5′-AAGCACAACUCCCUUAAGGUCTT-3′ [22, 23] , or control small RNA (miR-NC1; Ambion, Mission siRNA Universal negative control; Sigma, St Louis, MO) were each transfected into 143B cells at a concentration of 30 nmol/L per 2.5 × 10 5 cells in a 6 cm dish using DharmaFECT (GE Healthcare, Buckinghamshire, England).
Clinicalsamples
Fifty-two biopsy samples of human osteosarcomas, which did not have metastasis in the lung and other organs at first diagnosis, were obtained from the National Cancer Center Hospital. All the materials were obtained with written informed consent, and the procedures were approved by the institutional review board (approval number: 2312).
Westernblotting
Cells were washed in phosphate buffered saline (PBS) and solubilized in lysis buffer (20 mmol/L Tris-HCl pH7.4, 150 mmol/L NaCl, 0.1% sodiumdodecyl sulphate [SDS], 1% Sodium deoxycholate, 1% Triton, 1 mg Aprotinin, 1 mg Leupeptin) for 60 min on ice. Lysates were centrifuged at 2500g for 5 min. The protein concentration was determined by means of the Bradford protein assay (Bio-Rad Labs, Richmond, CA) using bovine serum albumin as the standard. Twenty-five micrograms of protein was resolved by electrophoresis through 12% polyacrylamide gels, was electrotransferred to a polyvinylidene difluoride filter (Millipore, Bedford, MA), and was then blotted with the first antibody. Following washing three times and second antibody incubation, the membranes were rinsed and the bound antibodies were detected using an enhanced chemiluminescence (ECL) detection system (Amersham, Buckinghamshire, UK). The primary antibodies used in this study were anti-PAI-1 polyclonal antibody (1:400 dilution; ab31280 Abcam, Cambridge, UK), anti-MMP-13 polyclonal antibody (1:400 dilution; ab39012 Abcam, Cambridge, UK), and anti-β-actin (1:2000; AC-15; Sigma). The secondary antibodies used in this study were donkey anti-goat IgG-HRP (Santa Cruz Biotechnology, SantaCruz, CA, USA), goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology), and anti-mouse IgG-HRP (MBL, Nagoya, Japan).
Reporterassay
The 3′-untranslated region (3′UTR) of PAI-1 was polymerase chain reaction (PCR) amplified from genome DNA extracted from 143B cells. The PCR primers used to amplify the 3′UTR were as follows: forward, 5′-CG CGTCTAGAGCTGGGGAAAGACGCCTTCATC-3′ and reverse, 5′-TTGTTCTAGAGGGCACGCATCTGACATTT C-3′. The amplified 3′UTR was cloned downstream of the Firefly luciferase coding region in the pmirGLO plasmid (Promega, Madison, WI, USA). An mutant (Mut) construct was generated by mutating the seed M. Hirahata et al.
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region of the miR-143 binding site by PCR mutagenesis. The 143B cells were seeded at a density of 2.0 × 10 4 in 96-well plates 24 h before transfection of the plasmids. The following day, 100 ng of reporter plasmid was cotransfected with 30 nmol/L of pre-miR-143 using the DharmaFECT transfection reagent (Thermo Scientific, Waltham, MA, USA). The cells were collected 24 h after transfection and assayed for luciferase activity using the Dual-Luciferase-Reporter Assay System (Promega) according to the manufacturer's protocol. Renilla luciferase was used for normalization. To assess the effect of the precursor miRNA on reporter activity, 100 ng of synthetic precursor miRNA (pre-miR; Ambion, Invitrogen) was cotransfected with 100 ng of the reporter plasmid. All experiments were performed in triplicate.
Cellproliferationandinvasionassay
Twenty-four hours after transfection, the cells were harvested and reseeded into a 96-well plate. For the cell proliferation assay, the transfected cells were plated at a density of 2.5 × 10 3 cells/well in a 96-well plate and measured proliferation every 24 h using Cell Counting Kit-8 according manufacture's protocol. The cell invasion assay was performed using the CytoSELECT 96-Well Cell Invasion Assay kit (Cell Biolabs, San Diego, CA). Transfected cells were plated at a density of 2.5 × 10 5 cells/well in 96-well chambers. The manufacturer's protocol was followed (Cell Biolabs). Cells that had invaded the Matrigel were stained with hematoxylin and pores with stained cells and all pores were counted.
MeasurementofsecretedMMP-13protein
Matrix metalloproteinase-13 (MMP-13) protein secreted into the conditioned media of cultured 143B cells was determined using the SensoLyte Plus 520 MMP-13 Assay Kit (Anaspec, San Jose, CA). Briefly, the conditioned media were collected 48 h after transfection. In this assay, 50 μL of 1 mmol/L p-aminophenylmercuric acetate (APMA) treated medium was added to the collected conditioned media in each microplate well, followed by addition of the MMP-13 substrate, the 5-FAM/QXL520 fluorescence resonance energy transfer peptide. The fluorescence intensity representing pro-MMP-13 expression was measured at 485/510 nm wavelengths. All measurements were performed in triplicate.
Immunohistochemistry
All tumors resected from mouse primary lesions at the right knee joint were fixed with 10% buffered formalin and embedded in paraffin. Thick sections of 3 μm were examined using immunohistochemistry. The sections were deparaffinized, and antigens were retrieved by autoclaving in 10 mmol/L citrate buffer (pH 6.0) at 121°C for 10 min. Endogenous peroxidase activity was blocked by immersing the slides in 0.6% hydrogen peroxide in methanol for 30 min. The sections were immunostained using a Histofine mouse staining kit (Nichirei, Tokyo, Japan). The primary antibodies used in this study were a mouse monoclonal antibody against human Ki-67 (1:50; DAKO, Glostrup, Denmark), a goat polyclonal antibody against human PAI-1 antigen (1:100; SEKISUI, Tokyo, Japan) and a rabbit polyclonal antibody against human MMP-13 antigen (1:400; Abcam). Immunoreactions were visualized with diaminobenzidine and the sections were counterstained with hematoxylin.
Animalmodel
All animal experiments were approved by the Institutional Animal Care and Use Committee of Tottori University (permit number: 13-Y-34). Five-to six-weekold male athymic nude mice (CLEA Japan, Shizuoka, Japan) were anesthetized by exposure to 3% isoflurane on day 0 and subsequent days as indicated. On day 0, to generate the experimental model, the anesthetized animals were injected with 3.0 × 10 6 143B-Luc cells into the knee of right hindlimb. Individual mice were injected with siRNA after complexation with in vivojetPEI (Polyplus-transfection, New York, NY) according to the manufacturer's protocol. Complexes of 12 μg siRNA and in vivo-jetPEI at a ratio of N/P (N = polymer amines, P = phosphate groups on pDNA) = 10 were prepared per mouse and were injected intratumorally in a volume of 100 μL once every 3 days. The first injection was performed on day 1 post inoculation of 143B-luc cells.
RNAextractionandquantitativereal-time PCRofmiRNAs
Total RNA was extracted from cell lines and clinical samples using the mirVana miRNA Isolation Kit (Ambion) according to the manufacture's protocol. MiR-143-specific complementary DNA was generated from 20 ng total RNA using the TaqMan MicroRNA RT kit (Applied Biosystems, Foster City, CA) and the miR-143-specific RT-primer from the TaqMan Micro RNA Assay kit (Applied Biosystems). The expression levels of miR-143 were measured using the miR-143-specific probe included with the TaqMan Micro RNA Assay kit on a Real-Time PCR System 7300 with SDS software (Applied Biosystems).
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Statisticalanalyses
Statistical analyses were conducted using Student's t-test for in vitro screening of cell invasion and proliferation, and also to evaluate lung metastasis in the in vivo assay. Welch's t-test was used for miR-143 expression analysis using clinical samples. P < 0.05 was considered significant.
Results

PAI-1isadirecttargetgeneofmiR-143in 143Bcells
To evaluate the function of miR-143, it was important to determine whether PAI-1 is a direct or indirect target gene of miR-143 that might mediate the role of miR-143 in invasion and metastasis. We found that the 3′UTR of PAI-1 mRNA harbored a potential miR-143 binding site (Fig. 1A) . To confirm that PAI-1 expression was directly inhibited by miR-143, a dual-luciferase reporter system was used. This assay showed that miR-143 markedly suppressed the firefly luciferase reporter activity of the wildtype PAI-1 3′UTR, but did not change the activity of the mutant 3′UTR construct when transfected into 143B cells (Fig. 1B) . Moreover, western blotting showed that miR-143 also suppressed PAI-1 protein expression (Fig. 1C) . Thus, these results showed that miR-143 directly bound to the 3′UTR region of PAI-1 mRNA and suppressed PAI-1 expression in 143B cells.
KnockdownofPAI-1bysiRNAtransfection attenuatedcellinvasionabilitybutdidnot affectcellproliferation
We next examined the contribution of PAI-1 to the ability of 143B cells to invade and proliferate in vitro using a PAI-targeted siRNA. Western blotting showed that transfection of 143B cells with the PAI-1 siRNA significantly decreased PAI-1 protein expression ( Fig. 2A) . A Boyden Chamber assay with Matrigel demonstrated that 143B cells transfected with either PAI-1 siRNA, or with miR-143, displayed a significantly lower rate of invasion than cells transfected with control siRNA (Fig. 2B ). In contrast, there was no difference in cell proliferation between PAI-1 siRNA-transfected and control siRNA-transfected 143B cells (Fig. 2C ). In addition, these siRNAs did not effect on migration activity in 143B cells (data not shown). These data indicate that PAI-1 regulates the invasion, but not the proliferation and migration, in 143B cells.
Suppressionoflungmetastasisof osteosarcomacellsbyPAI-1siRNAinvivo
Next, we examined the role of PAI-1 in lung metastasis of osteosarcoma cells in vivo using a previously reported spontaneous lung metastasis mouse model [13] . The 143B-luc cells (3.0 × 10 6 cells) were inoculated into the right knee, and their location was immediately checked using an in vivo imaging system. After cell inoculation, 12 μg 
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PAI-1 siRNA or control siRNA, complexed with in vivojetPEI, was administered intratumorally to each group once every 3 days. After 1 week, a signal from firefly luciferase was detected only in the primary lesion, and no signals were detected in the pulmonary area in either group. At 5 weeks after inoculation, 11 of the 11 mice (100%) that were administered control siRNA displayed a luciferase signal from the pulmonary area suggesting lung metastasis; however, only 5 of the 10 mice (50%) that were administered PAI-1 siRNA displayed a similar luciferase signal and the other five mice showed no signal in the pulmonary area. The difference in the number of control and siRNAadministered mice with a luciferase signal in the pulmonary area was significant (Fig. 3A and B, P < 0.05). In addition, the lung metastasis of the osteosarcoma cells that was indicated by the luciferase signal was confirmed by histological analysis after autopsy. On the other hand, no differences were found in cell proliferation, as determined by Ki-67 immunohistochemical staining, between primary tumor cells from the PAI-1 siRNA group and those from the control siRNA group (Fig. 3C) . Moreover, there were no differences in primary tumor size and volume ( Fig.  S1A and B) . We confirmed PAI-1 siRNA decreased PAI-1 expression in primary tumor (Fig. S1C) . The combined in vitro and in vivo data suggested that PAI-1 promotes lung metastasis of osteosarcoma cells by facilitating tumor invasion activity, but not tumor cell proliferation.
KnockdownofPAI-1downregulatedMMP-13 expressionandsecretion
To determine how PAI-1 promotes invasion in 143B cells, we focused on its effects on the expression and secretion of MMP-13. Western blotting showed that knockdown of PAI-1 expression using siRNA caused a decrease in the expression level of the MMP-13 protein versus control siRNA-transfected cells (Fig. 4A) . Moreover, the amount of MMP-13 secreted from 143B cells transfected with PAI-1 siRNA was significantly lower than that secreted from cells transfected with control siRNA (Fig. 4B , P < 0.05). These results suggested that knockdown of PAI-1 reduces 143B cell invasion activity via downregulation of MMP-13 expression and secretion. Then, we examined whether the MMP-13 was one of target genes of miR-143. Interestingly, we observed seed matches to residues of miR-143 in MMP-13 coding region between exon 7 and exon 8, and confirmed that MMP-13, as well as PAI-1, was one of the target genes of mir-143 in 143B cell (Fig. S2) , as strongly predicted in our previous report [13] .
ExpressionofmiR-143,PAI-1,andMMP-13in clinicalsamples
We then evaluated the expression of miR-143 in human primary osteosarcomas in order to examine the correlation between miR-143/PAI-1 expression and lung metastasis. The expression level of miR-143 in 22 biopsy samples of primary osteosarcoma without any metastases at first diagnosis was analyzed using real-time RT-PCR. The miR-143 expression data were normalized to the mean expression level of miR-103, which has been shown to be among the most stably expressed miRNAs in human tumor tissues [24] . PAI-1 expression was evaluated using immunohistochemistry. Few PAI-1-positive cells were observed in the three samples that had a high expression level of miR-143. These samples were all lung metastasisnegative, defined as showing no metastasis for at least >1 year after operation. The remaining 19 samples showed lower expression of miR-143. Of these 19 samples, seven cases were lung metastasis-positive. PAI-1 and MMP-13-positive cells were frequently observed in these lung metastasis-positive cases (Fig. 5) . These data showed that low PAI-1 and MMP-13 expression was observed in We finally immunohistochemically evaluated the expression of PAI-1 and MMP-13 in 52 human primary osteosarcoma samples in order to determine whether the expression pattern of the two proteins is correlated with lung metastasis of osteosarcoma cells. The 52 cases were classified into four groups: PAI-1-negative and MMP-13-negative (group 1, n = 16), PAI-1-positive and MMP-13-negative (group 2, n = 6), PAI-1-negative and MMP-13-positive (group 3, n = 15), and PAI-1-positive and MMP-13-positive (group 4, n = 15). As shown in Figure 6 , the number of lung metastasis-positive cases was significantly higher in PAI-1 and MMP-13 doublepositive cases (group 4) compared to any of the other groups (P < 0.05). On the other hand, the differences between groups 1, 2, and 3 were not statistically significant. These results indicated that PAI-1 and MMP-13 double-positive expression contributed significantly to the occurrence of lung metastasis of osteosarcoma.
Discussion
In this report, we showed that PAI-1 is a direct target gene of miR-143 and regulates invasion in osteosarcoma. Knockdown of PAI-1 by siRNA suppressed cell invasion activity without influencing cell proliferation, suggesting that PAI-1 regulates invasiveness but not proliferation in human osteosarcoma cells. These data are supported by our previous report that miR-143 both downregulates PAI-1 and suppresses 143B-cell invasion and metastasis without affecting cell proliferation [13] . As shown in Figure 2C , the suppression of invasive activity by transfection of miR-143 was the same as that of PAI-1 siRNA, suggesting that the observed inhibition of invasion and metastasis by miR-143 was mediated mainly via downregulation of PAI-1 activity in 143B cells. In this study, immunohistochemical analyses of clinical osteosarcoma samples showed that the three cases that expressed the highest miR-143 level showed few PAI-1-positive cells in the primary lesion and that all three of these cases were in the nonmetastatic group. On the other hand, strong or moderate staining of PAI-1-positive tumor cells was observed in the primary tumors of all the lung metastasis-positive cases. These data suggested that downregulation of miR-143 led to upregulation of PAI-1 expression in human osteosarcoma cells and contributed to facilitation of lung metastasis from the primary lesion. Therefore, delivery of PAI-1 siRNA into tumor cells could prevent lung metastasis of human osteosarcoma via suppression of PAI-1 expression. Although higher expression of PAI-1 in tumor cells contributes to cancer progression including metastasis in several malignancies [17] [18] [19] [20] [21] , the mechanism by which PAI-1 promotes the invasion and metastasis of osteosarcoma cells remains unknown. To address this mechanism, we focused on the expression and secretion of MMP-13, which is a proteolytic enzyme that belongs to a large family of extracellular matrixdegrading endopeptidases that are characterized by a zinc-binding motif at their catalytic site [25] . The overexpression of MMP-13 has been documented in previous reports of breast cancer [26] , squamous cell carcinoma of head and neck [27] , lung cancer [28] , malignant melanoma [29] , colorectal cancer [30] , oral squamous cell carcinoma [31] , colorectal adenoma and carcinoma [32] , and glioma [33] . MMP-13 expression in these human cancers was associated with cancer progression including cancer cell invasion and metastasis, diagnosis or poor outcome. Moreover, the expression of MMP-13 has an important role in the pathogenesis of osteolysis by tumor cells in bone metastasis of human breast cancer [34] and prostate cancer [35] . In addition, upregulation of MMP-13 promotes the invasion of osteosarcoma cells [36] and higher expression of MMP-13 is correlated with progression of human osteosarcoma [37] . These studies suggest that MMP-13 upregulation may have a similar role in the invasion of osteosarcoma cells at the primary lesion. This study showed that knockdown of PAI-1 expression using siRNA-mediated suppression resulted * in a decrease in MMP-13 expression and secretion in 143B cells, suggesting that MMP-13 expression is regulated by PAI-1 in osteosarcoma cells. However, the mechanism by which PAI-1 regulates MMP-13 expression in osteosarcoma cells has not been clarified. Jimenez et al. reported that the expression of MMP-13 was upregulated by stimulation of human osteosarcoma cell lines with transforming growth factor beta (TGF-beta), during which MMP-13 transcription was directly promoted by the transcriptional activator Cbfa1 (core binding factor 1) [38] . Furthermore, Oda et al. reported that PAI-1 gene deficiency attenuates TGF-beta1-induced signaling in the renal fibrogenic response [39] . These data suggest that transcriptional activation of genes that are upregulated by TGF-beta is dependent on the PAI-1 expression level in an inflammatory environment, which supports the possibility that suppression of MMP-13 expression occurred by attenuation of TGF-beta signaling following PAI-1 knockdown in 143B cells. Thus, it is assumed that (1) the expression of both PAI-1 and MMP-13 genes strongly contributes to promotion of the invasion and metastasis, and (2) PAI-1-MMP-13 axis is negatively regulated by miR-143 in human osteosarcoma cells. Consistent with this hypothesis, expression of PAI-1 and MMP-13 were very poor in miR-143 higher expressing osteosarcoma primary lesion (Fig. 5) , and PAI-1 and MMP-13 double-positive clinical samples (group 4) showed a significantly higher chance of lung metastasis than any of the other groups as shown in Figure 6 . Further study is needed to clarify the mechanism by which PAI-1 regulates MMP-13 expression in human malignancies, at least in human osteosarcoma.
In conclusion, upregulation of PAI-1 in human osteosarcoma cells is correlated with an increased risk of lung metastasis via an elevated level of MMP-13 expression. Our findings indicated that PAI-1 and MMP-13 might be available metastasis-prediction markers and also valuable target genes for preventing lung metastasis of osteosarcoma. 
